Most of the analysis of composite Higgs have focussed on the Minimal Composite Higgs Model, based on the coset SO(5)×U(1) X /SO(4)×U(1) X . We consider a model based on the coset of simple groups SO(7)/SO(6), with SO(4)×U(1) X embedded into SO(6). This extension of the minimal model leads to a new complex pNGB that has hypercharge and is a singlet of SU(2) L , with properties mostly determined by the pattern of symmetry breaking and a mass of order TeV. Composite electroweak unification also leads to new bosonic and fermion resonances with exotic charges, not present in the minimal model. The lightest of these resonances is stable, and in some cases could provide candidates for dark matter. A new rich phenomenology is expected at LHC.
Contents 1 Introduction
The hypothesis of the Higgs being a composite state offers one of the most interesting ideas to solve the hierarchy problem and explain the origin of electroweak symmetry breaking (EWSB). Constraints from new physics searches at Tevatron and LHC give bounds of order TeV on the scale f of the new strongly interacting sector [1] . A separation between the EW scale and f can be obtained if the Higgs is a pseudo Nambu-Goldstone boson (pNGB) of the new strongly interacting sector. The interactions with the elementary fermions of the Standard Model generate a potential at loop level, that can trigger EWSB dynamically.
The nature of a strongly coupled field theory (SCFT) puts an unavoidable difficulty, given the lack of general non-perturbative methods that could allow to make precise predictions. With the advent of the AdS/CFT duality, extra-dimensional models were understood as weakly coupled holographic descriptions of four dimensional SCFTs [2] . Models defined in a slice of AdS 5 provided some of the most successful descriptions of this dynamics [3] . Also discretised versions of extra-dimensions have been very useful for model building [4] .
The Minimal Composite Higgs Model (MCHM) is the realization of this idea with the minimal global symmetry group of the SCFT containing custodial symmetry and able to generate the Higgs as a pNGB [5] . The symmetry breaking pattern SO(5)→SO(4) leads to only one SM multiplet of pNGBs, identified with the Higgs. The right normalization of hypercharge of the SM fermions required the introduction of an extra U(1) X factor in the EW sector. A significant amount of effort has been devoted, in the last decade, to the understanding of the physics of the MCHM. Also several extensions of the MCHM have been studied, like deformations of the extra-dimensional metric, as well as some extensions of the minimal group. Ref. [6] has studied an extension to SO(6)/SO(5) that, in addition to the Higgs, contains an extra pNGB singlet, whereas Ref. [7] has given a classification of cosets and has studied composite two-Higgs doublet models. Also interesting are the cases of composite grand unification with custodial symmetry, as in Ref. [8] .
In the present work we study a non-MCHM with composite EW unification. We embed the SO(5)×U(1) X symmetry group of the MCHM into SO (7) , with the spontaneous breaking SO(7)→SO (6) . Since SO (6) contains SO(4)×U (1) , identifying the abelian factor with U(1) X allows a unification of the symmetries. The coset SO(7)/SO(6) is the minimal one that generates the Higgs as a pNGB, contains the custodial symmetry and unifies SO(4)×U(1) X into a simple Lie group. Besides the Higgs, it generates another pNGB that is an SU(2) L -singlet and has non-vanishing hypercharge.
The SCFT produces fermion resonances transforming in irreducible representations of SO (7) . We select a set of representations that allow mixing of the fermion resonances and the elementary fermions of the SM, and compute the one-loop potential based on symmetry considerations only. We analyse the conditions for suitable EWSB and the spectrum of the scalars. By using a 2-site description of the elementary-composite system, we are able to make numerical calculations of this potential, as well as the spectrum of bosons and fermions, finding regions of the parameter space with f ∼ 1.2 TeV that can reproduce the SM spectrum. The mass of the new scalar is of order TeV.
The embedding of the EW symmetry into SO (7) gives a set of resonances with exotic charges, poorly explored in the literature. These resonances have a very rich phenomenology, as a lightest stable state that could be either the new pNGB or exotic fermions, and in the last case also possible candidates for colored dark matter [9, 10] .
The coset SO(7)/SO (6) has been considered previously in Refs. [11, 12] , however the extra U(1) was not gauged there, thus composite EW unification was not achieved. Instead, the authors added an extra U(1) X group factor, as in the usual SO(5)/SO(4) models, leading to: SO(7)×U(1) X /SO(6)×U(1) X . We remark the absence of that extra U(1) X factor in our setup, leading to a global symmetry completely described by a simple Lie group, up to the usual SU(3) c factor. The gauging of the extra U(1)⊂SO(6) was considered in a different work [13] , but in their case the corresponding gauge field was a dark photon and the U(1) X needed for hypercharge was added as an extra factor, similarly to [11, 12] . Since in those references the U(1)⊂SO (7) has no projection over hypercharge, the phenomenology of the resonances is different from the case that we consider.
The paper is organised as follows: in sec. 2 we describe the symmetries of the model, the low-energy effective theory as well as the 2-site theory. In sec. 3 we compute the potential, study some approximations and calculate the spectrum of scalars. In sec. 4 we show the spectrum of resonances, we analyse the phenomenology of the Higgs at LHC as well as its self-couplings and we give a brief description of the properties of the new pNGB state. We leave some discussions and conclusions for sec. 5.
A model from SO(7)/SO(6)
In theories Beyond the Standard Model with a composite Higgs, the vacuum of the SCFT usually has a global unbroken symmetry SO(4) SU(2) L ×SU(2) R that, after the Higgs acquires a vacuum expectation value (vev), preserves a custodial SO (3) symmetry that can protect the ρ-parameter. An extra U(1) X is required to obtain composite fermions with the same hypercharge as the SM quarks, with:
where T
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R is a generator of SU(2) R and α is a real constant. Therefore the vacuum of the SCFT has an unbroken semi-simple symmetry group SO(4)×U(1) X . In this paper, we will consider the case of a simple group, instead of a semi-simple one, concretely we will take the rank three group SO(6)⊃SO(4)×U(1) X .
To obtain the Higgs as a pNGB, the SCFT will have a global symmetry group SO(7), spontaneously broken to SO (6) by the strong dynamics. The generators in the quotient SO(7)/SO(6) transform under SO (6) in the irreducible representation 6, which under SO(4)×U(1) X decomposes as:
Thus this pattern of symmetry breaking leads to a neutral bidoublet that can be identified with the Higgs, and a new state χ that is a singlet of SU(2) L and has non-vanishing hypercharge. We assume that the SCFT also has a global symmetry SU (3) , that will be associated with the colour group of the SM.
The SCFT vacuum can be described by a vector Φ 0 , with the NGBs parameterising the fluctuations associated to the broken generators. By a suitable choice of basis (see App. A) we can write:
where we have associated the first four broken generators with H and the last two with χ. f is the decay constant of the NGBs.
A vev of H or χ misaligns the vacuum, spontaneously breaking the EW symmetry of the SM. A vev of χ breaks U(1) X , whereas a vev of H breaks the EW symmetry as in the SM, leading to
Besides the NGB states, we assume that the SCFT also leads to vector resonances, that can be created by the Noether currents of the global symmetry, thus transforming in the adjoint representation of the corresponding groups. We also consider that the SCFT produces massive vector-like fermion resonances, that furnish full representations of the global symmetry. Unlike the case of the spin one resonances, the fermion representations are not fixed, leading to freedom for model building. We will study a particular choice of these representations, defined later in Eq. (7) . We assume that the lowest level of resonances can be characterised by a single mass scale m ρ , and the interactions between the resonances by a single coupling g ρ , that will be taken as g ρ g SM , but perturbative, and f ∼ m ρ /g ρ . The masses and couplings of the different resonances do not need to be identical, but of the same order.
The gauge and fermion fields of the SM are taken as external sources that probe the SCFT. A subgroup SU(2) L ×U(1) Y of the SO(7) and the full SU(3) symmetry groups are weakly gauged by the SM. The elementary fermions interact linearly with the operators of the SCFT, leading to mixing with the resonances, and partial compositeness [14] . As usual, we assume that the SCFT has an approximate scale invariance, such that the running of the linear coupling is controlled by the anomalous dimension of the SCFT operator. At low energies, if the scale at which the SCFT is defined is much larger than the TeV, a hierarchical pattern of flavor mixing can be generated, depending on whether the coupling is relevant, as needed for the top, or not, as needed for the first and second generations of fermions. Furthermore, we will assume that the SCFT is flavor anarchic [15] .
The elementary fields do not interact with the Higgs to leading order, such interactions are mediated by the mixing with the resonances that have the same quantum numbers as the elementary fields. The interactions of the elementary fields with the SCFT explicitly break the global symmetry, inducing a potential for the NGB at loop level. This potential is dominated by the contributions of the elementary fields with largest mixing, typically the Right-handed top and the Left-handed doublet of the third generation. The fermion contribution can misalign the vacuum and induce EWSB.
The vacuums Φ 0 and Φ v preserve a common SO(5) subgroup that contains the usual SO(3)-custodial group, as in the MCHM. This custodial symmetry protects the ρ-parameter. We will discuss fermion embeddings that also allow to protect some Z couplings, as those of the Left-handed bottom quark and tau. The contributions to the S-parameter are similar to the MCHM, requiring a separation between f and h , roughly: sin
The scenario previously described can be realised by considering a theory with extradimensions, in particular in the presence of one compact extra-dimension with a metric that is AdS 5 near the UV boundary [3, 16] . The elementary fields can be identified with the degrees of freedom of the UV boundary, and the SCFT with those of the bulk. It is also possible to give an effective description using a de-constructed version of the extra-dimensional theory, with a finite number of sites [4] . We will consider the simple case with two sites, one describing the elementary sector, and the other the first level of resonances [17] , as well as a sigma model field connecting both sites. This description has more freedom than the extra-dimensional one, and has a cut-off not far from the scale of masses of the resonances. However it has shown to be very useful to parameterise this kind of theories and study their phenomenology at low energies and the LHC [18] .
2-site theory
We consider a site-0, also called elementary site, containing the same degrees of freedom as the SM, with the exception of the Higgs. We will denote the gauge couplings of site-0 generically as g 0 . In order to reproduce the experimentally measured difference between g and g , we will also introduce a coupling g 0 through the rescaling of the elementary part of the hypercharge gauge boson. It will be useful to work with an extension of the SM gauge symmetry group, therefore we define G 0 =SO(7)×SU(3). This extension can be realised at the level of fields by adding spurious degrees of freedom to furnish full representations of SO (7) . These spurious fields are not dynamical, and they can be set to zero after the calculations [5] .
On site-1, there is a gauge symmetry G 1 =SO(7)×SU(3), with gauge coupling generically denoted as g 1 ∼ g ρ , that allows to introduce the lowest lying level of spin one resonances. In order to shorten notation, we will use small letters for fields at site-0, and capital letters for fields at site-1. The dynamics of the SCFT spontaneously breaks SO(7) to SO(6), generating a set of NGBs transforming in the fundamental representation of SO (6) . The NGB matrix is given by:
with Tâ the broken generators of SO(7)/SO(6), f 1 the NGB decay constant and Πâ 1 the NGB fields. Under SO(7), U 1 transforms as GU 1 H † , with G ∈ SO(7) and H ∈ SO(6).
The lowest dimensional representations of SO(7) of our interest are: the fundamental 7, the adjoint 21 and the 35. For these representations, U can be expressed as:
There are also massive Dirac fermions in different representations of G 1 , one for each SM fermion in a given representation of the SM gauge group. These Dirac fermions describe the lowest lying level of fermion resonances of the SCFT. For each generation of fermion resonances we choose the following representations of SO (7):
where Q is the resonance associated to the quark doublet, U and D to the quark singlets, and L and E are the ones associated with the lepton doublet and singlet. Under SU(3) they transform in the same way as the associated elementary fermions. We have chosen all the generations transforming in the same representations of G 1 , thus a generation index is understood in Eq. (7).
The aforementioned representations of SO (7) decompose under SO(6) as:
To understand the transformation properties of the resonances under the custodial symmetry, we decompose the SO(6) representations under SO(4)×U(1) X :
The decomposition of 10 can be obtained straightforwardly from the one of 10, and the decomposition of 6 is in Eq. (2) As is well known [19] , one way to avoid large correction to the coupling Zb LbL in composite Higgs models, is to mix the elementary quark doublet q L with a fermion resonance with T 3 R = −1/2. This choice fixes the value of α in Eq. (1) to:
With this choice, the components with T Table 1 .
By making use of the transformation properties of U , it is possible to build SO(7)-invariants that superficially look like SO(6)-invariants only. These invariants allow us to introduce interactions between the fermion resonances and the NGBs. The Lagrangian of site-1 is:
F a µν is the field strength of the gauge fields at site-1 (a sum over the terms of the gauge of SO(7) and SU(3) c is understood), m Ψ are the masses of the fermion resonances, taken of order g 1 f 1 , and y Ψ are dimensionless couplings of order g 1 . Given the properties of U 1 , U † 1 Ψ transforms as a reducible representation of SO(6) under transformations of SO(7), thus (U † 1 Ψ) r is the projection on the representation r of SO (6) . For the choices in Eq. (7), the quarks share the SO(6) representation 15, whereas the leptons share the 6. For other embeddings, one has to decompose the SO(7) representations under SO (6) , and for the Yukawa interactions one has to project and sum over the common SO(6) representations. dâ µ is obtained from the MaurerCartan form, according to: The last three terms of Eq. (11) include interactions among the pNGBs and fermion resonances as well as mixing terms among the latter. In particular, the first non-trivial order in its expansion in powers of the pNGBs fields is formed by Yukawa interactions, therefore these terms are generically called composite Yukawa terms. We have not included the most general kind of composite Yukawa terms to preserve the finiteness of the one-loop potential of the pNGBs [18] . The terms included have the same chiral structure as the SM counterparts.
Site-0 and site-1 are connected by σ-model fields Ω = e i √ 2Π 0 /f 0 , transforming in the bifundamental of G 0 ×G 1 : Ω → G 0 ΩG † 1 , with one field Ω for SO(7) and another one for SU (3) . Π 0 parameterises the coset G 0 ×G 1 /G 0+1 and f 0 is the decay constant of these NGBs, taken of the same order as f 1 . These fields provide the longitudinal polarization of the spin one resonances.
The Lagrangian connecting both sites is:
where λ i is a mixing parameter, that determines the degree of compositeness of the SM fermions.
We assume flavor anarchy of the composite sector, meaning that all the coefficients of the Yukawa couplings of the resonances are of the same order, as well as their masses. In this case the mixings can be fixed requiring a hierarchical spectrum for the SM fermions and a suitable CKM matrix. We consider this is the case in the present work, following Refs. [15, 20, 21] . Thus the mixings are hierarchical, being of order g 1 for q L and u R of the third generation, and much smaller for the other fermions. These are the only small parameters of the 2-site theory.
Mass eigenstates
L mix provides masses for the fields in the coset G 0 ×G 1 /G 0+1 , whereas the fields in G 0+1 remain massless, leading to the SM gauge couplings:
where g 0 and g 0 are the gauge couplings of SU(2) L and U(1) Y at site-0, and g 1 is the gauge coupling of SO (7) at site-1. A matching similar to the one of g is present for the coupling of SU(3).
By a suitable gauge transformation, the fields Π 0 become the longitudinal degrees of freedom of the massive vector fields, and the physical NGB can be parameterised by
Among the 6 physical NGBs we find the 4 degrees of freedom which are identified with the SM Higgs boson. The remaining two degrees of freedom conform the additional charged scalar χ with electric charge 2/3.
The site-1 contains 21 massive resonances of spin one. When the gauge coupling constants of the site-0 elementary gauge fields are set to zero, the resonances associated to the generators in SO(7)/SO(6) have mass g 1 (f 
where we have defined the elementary-composite mixing angles ϕ and ω as:
And the angle θ Y , which measures the mixing between T R 3 and X to give the Y operator, is defined such that:
The states in Eqs. (15) and (16) will acquire a non-zero mass only when the Higgs boson gets a non-zero vev, just like in the SM. EWSB will also induce additional mixings among states with equal electric charge, but those mixings are expected to be small.
The site-0 contains massless chiral fermions with identical transformation properties as the SM fermions. On the other hand, in the site-1 there are several vector-like fermion resonances. Each multiplet of resonances has a diagonal mass matrix. The values of those masses are independent but they will be considered to be O (TeV).
When considering the site-1 in isolation, not all the fermion resonances will have the mass given by the associated diagonal mass matrix because the terms in the second line of Eq. (11) generate mixing among the different multiplets. In this case, where the vev of the NGBs is zero, the mixing and mass corrections will affect only to those resonances which transform under SO(6) in the same representation. For example, those components of Q ∼ 21 which transform under the representation 15 of SO (6) will mix with the components of U ∼ 35 which transform under SO(6) in the same way.
The mixing between the two sites generates the appearance of partially composite states. When the pNGBs have a null vev, this mixing will provide partially composite massive fermions and partially composite massless chiral fermions. After setting to zero all the spurious degrees of freedom of the site-0, the remaining massless chiral fermions will be identified with the SM fermions. The rotation angle diagonalising the mixing is defined by:
and the degree of compositeness of the SM fermions is given by sin θ ψ . The masses of the components of the resonances mixing with the elementary fermions is re-scaled by a factor 1/ cos θ ψ , whereas the components that do not mix (usually called custodians) keep their original mass. For this reason the custodians are the lightest fermion resonances.
The SM fermions will get a mass only when the Higgs boson acquires a non-zero vev. This mass depends on the mixing with the composite resonances and on the Yukawa couplings of site-1, in agreement with the partial compositeness scenario. For a SM fermion ψ, the Yukawa coupling and the mass will be approximately given by:
where v ∼ = 246 GeV is the EW scale, Ψ is the resonance which contains the partner of ψ L ,Ψ contains the partner of ψ R , r is the representation of SO (6) in common between Ψ andΨ. In the present model we have omitted the label r since it takes only one value, 15 for quarks and 6 for leptons, as can be seen from Eqs. (7) and (8).
In the phenomenologically relevant situation where only the Higgs boson acquires a nonzero vev, the only preserved symmetry will be SU(3)×U(1) em . As a consequence, a much more complex pattern of mixing among fermions with equal electric charge is expected. In sec. 4.1 we will explain this pattern in more detail and the general mass matrices can be found in App. B.
Low energy effective theory
In order to study the low energy physics, it is useful to give an effective description below the scale of the resonances. This can be done by integrating the heavy states at tree level, keeping the elementary fields and the NGBs.
As explained in the beginning of sec. 2.1, to simplify our calculations we extend the symmetry of the elementary sector, site-0, to SO(7), by adding spurious degrees of freedom, that are non-dynamical and are set to zero in the end of the calculation. The elementary fermions are embedded in the representations of table 1, and called ψ i , as in Eq. (12) .
By making use of the CCWZ formalism of Refs. [22, 23] , it is possible to write an effective Lagrangian relying just on symmetry considerations. To quadratic order on the elementary fields:
The subindex r takes values over the irreducible representations of SO(6) in a decomposition of an SO (7) representation R: R ∼ ⊕r, as explicitly shown in Eq. (8) . The subindex in (φ) r has been used to denote the projection of the field φ, transforming in a representation of SO (7), on representations of SO(6), whereas the product (φ) r (φ ) r is assumed to be projected on an SO(6)-singlet. The NGB-matrix U is multiplied by an elementary field, thus it must be taken in the representation of that field. The form-factors Π r (p 2 ) and M r (p 2 ) codify the dynamics of the resonances that were integrated-out, they are independent of the NGBs. They can be computed integrating-out the resonances at site-1 and we show them explicitly in App. B. L eff also contains the usual kinetic terms of the elementary fields, that have not been written in Eq. (21) .
By keeping just the dynamical elementary fields, the EW gauge and the quark sectors of Eq. (21) reduce to:
where Z stands for non-canonical normalization of the kinetic terms:
. Taking Z ψ → ∞ one can study the limit of decoupling of the elementary sources, that will useful for the study of the one-loop potential. Although for simplicity we have shown only the quark sector, the lepton sector can be included straightforwardly.
The boson form-factors, to all orders in the NGBs, are given by:
where the NGB dependent invariants i are:
and we use the definition
. The fermion form-factors are:
with
The NGB dependent invariants of Π q are:
for Π ψ we obtain:
and for M ψψ :
Using Eqs. (23) (24) (25) (26) (27) (28) (29) in (22) one can obtain L eff to all order in the NGBs.
Evaluating the NGBs on their vev, Eq. (4), and denoting the corresponding form-factors aŝ Π, we obtain:
The kinetic term of the NGBs give a contribution to the gauge form-factors that lead to mass terms for EW gauge bosons. From them one can obtain a matching condition of the SM Higgs-vev, that reads:
The form-factors can be expressed in terms of the invariants evaluated on the Higgs vev and the form-factors of the vacuum Φ 0 . For the gauge fields we obtain:
and for the fermions:
The spectrum of up-and down-type states excited by the the elementary fermions, including the light states associated with the SM degrees of freedom as well as the resonances, can be obtained from:
An approximate expression for the mass of the lightest fermion, the would-be zero mode, can be obtained by expanding Eq. (34) in powers of momentum to first order. Taking the derivative of the mass with respect to h , one can obtain an approximate expression for the Yukawa coupling with h. [18] A very useful expression for the Higgs phenomenology is the ratio:
In the present model we obtain the leading order correction:
where F e is for the charged leptons, and has been computed using the embeddings of Eq. (7).
Eq. (35), together with Eq. (31), must be compared with the SM result: y SM ψ /m ψ = v −1 . As has been discussed in several references, for example [24, 25, 18] , F u also give the dominant correction to the Higgs coupling to two gluons. In sec. 4.2 we show the next order in the expansion in powers of ξ for the case of the top and bottom, that are important for the Higgs physics. Those corrections will allow us to understand some phenomenological results. Following a similar procedure, it is possible to obtain an approximate expression for the masses of the W and Z bosons. Taking the first and second derivative of these approximate masses with respect to h leads to the couplings V V h and V V hh. The result is the same as in the MCHM:
In sec. 4.2 we will show the predictions for the next to leading terms in the 2-site model.
Potential
The gauging of the EW group SU (2) L ×U (1) Y in the site 0 and the mixing between elementary and composite fermions explicitly break the symmetry SO (7) down to SU (2) L × U (1) Y . This induces a radiative potential for the pseudo-Nambu-Goldstone bosons, which can be computed at one-loop level using the Coleman-Weinberg method [26] .
To all order in the NGBs, the one-loop potential can be written as:
where N c is the number of colors, the subindex 0 indicates that the NGBs must be evaluated to zero, and the operators A F and A B are given by:
The contributions of A F 0 and A B 0 are independent of the NGBs and subtract a constant divergent term.
The form-factors are proportional to the fermion mixing squared: λ ψ λ ψ . Therefore, since we assumed that only q L and u R of the third generation have large mixing, we will not consider the effect of the other fermions on the potential. For the analysis of the bottom quark phenomenology we will include the elementary b R and its composite partner, neglecting its impact on the potential.
By making use of the form-factors of the 2-site theory, it is straightforward to check the convergence of the one-loop potential for low and large Euclidean momentum. The finiteness of V can be understood by the following argument [18] : a non-vanishing potential requires insertions of the Yukawa y Ψ and of the mixing λ ψ , but it also requires insertions of the composite masses m Ψ , since a chiral flip is needed, leading to V ∼ (f 0 λ ψ f 1 y Ψ m Ψ ) 2 . Thus, by simple power counting, the one-loop potential is finite. If one includes operators like
that have the opposite chirality structure compared with those of Eq. (11), the one-loop potential becomes logarithmically divergent, since V ∼ (f 0 λ ψ f 1 y U )
2 . For that reason we have excluded those operators, other possibility is to consider a theory with three or more sites [27] , or an extra dimensional theory [16] .
EW symmetry breaking
To study the conditions for EWSB we find it useful to consider some limits of the potential. The first of them is the expansion in powers of the H and χ fields up to fourth order. Using the invariants computed in the previous section, the expantion of the potential acquires the following shape:
which is the most general expression allowed by the remnant symmetry SU (2) L × U (1) Y . The O(φ 6 ) stands for higher order terms, made from the product of both scalars, that are obtained after the expansion of the trigonometric functions of the invariants.
The size of the quadratic and quartic coefficients can be estimated by doing an expansion in powers of the mixing, up to accidental cancellations the result is [28, 29] :
where we are assuming that the sector of resonances, site-1, can be characterised by one scale m 1 and one coupling g 1 , with f ∼ m 1 /g 1 , and φ stands for both scalars. More complicated situations have been analysed, for example, in Ref. [28] .
All the coefficients of the Eq. (40) can be expressed as integrals in momentum space of the form-factors of the effective theory defined in the previous section. The quadratic coefficients are simple enough to be studied by inspection:
Both coefficients receive contributions from the boson and fermion sectors of the theory. Also, in most Composite Higgs Models the relation Π 6 > Π 15 is verified, therefore the bosonic contributions tends to prevent the existence of non-trivial minima. Similar analysis can be done for the quartic terms.
The minima of the potential of Eq. (40) can be obtained straightforwardly. There can be a trivial minimum with h = 0, χ = 0, as well as a non-trivial minimum with:
For phenomenological reasons, that is: to preserve an unbroken U(1) em , we are interested in the situation where only H has a vev. Notice that, as usual in composite Higgs models, using the estimates of Eq. (41) one obtains that, for a separation between v and f , a tuning at least of order 1/ξ is required [28] .
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For χ = 0, the masses of the scalar fields can be estimated by using Eqs. (40) Since the NGB matrix can be expressed in terms of sin(h/f ), it is also interesting to consider an expansion of the Higgs potential in powers of sin(h/f ). For the Higgs vev, in the limit of ξ 1:
where a and b can be expressed in terms of integrals of the correlators, similar to Eq. (42) . This equation will be useful to obtain approximate expressions for the Higgs self-couplings, as we will show in sec. 4.2.
Numerical results
In order to explore the parameter space, we computed numerically the potential for different parameter values. The gauge couplings g 0 and g 0 were fixed as functions of g 1 in order to obtain the SM couplings at EW scale: g = 0.65 and g = 0.35. Therefore, the potential depends on 8 parameters: f 0 , f 1 , m U , m Q , θ u , θ q , y U and g 1 . The first four have dimension of mass and the rest are dimensionless.
First, a random scan of the parameter space was performed. The explored ranges for the different parameters were f 0,1 ∼ 1 TeV, m U,Q ∈ (0.5, 10) TeV, θ q,u ∈ (0.4, π/2), y U ∈ (0.1, 3) and g 1 ∈ (1, 6). Only those points where the non trivial minimum was located at χ = 0 and 0 < ξ < 1 were analysed.
We show our results in Fig. 1 . The analysis of the points selected with the aforementioned criteria allowed us to extract the following conclusions: first, after re-scaling the dimensionful quantities such that v = 246 GeV, the Higgs mass acquires values between 50 GeV and 200 GeV, while the χ boson mass ranges from 100 GeV to 4 TeV. In particular, for those points where the Higgs mass is near 125 GeV, the χ boson mass is around 1 TeV. Second, if the dimensionful quantities are re-scaled such that f 0 = 1 TeV, the Higgs boson mass ranges in a similar interval than before and, for those points where it is near 125 GeV, the top quark mass ranges between 150 GeV and 200 GeV.
After re-scaling the set of randomly obtained points such that v = 246 GeV, we selected a subset which had phenomenological interest. The criteria to select those points were: f 0 g 1 > 2 TeV, 100 GeV < m H < 145 GeV, 140 GeV < m t < 175 GeV 4 and ξ < 0.25. 240 points were found to meet these requirements. This set of benchmark points (BP) were used to carry out phenomenological studies which will be showed in the following section.
We chose a specific point of the set of BP which fulfilled all the requirements exceptionally well and decided to explore systematically the parameter space around it. The point is defined by: f 0 = 1.47 TeV, f 1 = 2.34 TeV, m U = 2.44 TeV, m Q = 1.26 TeV, θ u = 0.79, θ q = 1.37, y U = 2.52 and g 1 = 1.95. In each point we computed the vev of the Higgs boson, its mass and the masses of the χ boson and the top quark. Below we show our results in regions where only two parameters were varied at the same time, while the other parameters were kept fixed.
In Fig. 2 we show the contour plots of some phenomenologically relevant quantities as functions of the mixing angles in a small portion of the explored region. There is a zone where all the quantities take values near the measured ones. This means that the Higgs mass is near 125 GeV, the top quark mass is near 150 GeV, the χ boson mass is high enough to fulfill the experimental constraints [31] and the EW scale v is near 246 GeV 5 . The shape of that phenomenologically interesting region depends on the exact values of all the other parameters.
If the scan is performed in the parameters f 0 and g 1 , another phenomenologically interesting region is found. This can be seen in the Fig. 3 , where all the quantities are near their measured values for f 0 ∼ 1.5 TeV and g 1 ∼ 2. Regions with similar phenomenological relevance are found in all the other scans, but their shapes and extensions depend on the values of the parameters which are fixed and on the parameters that are being scanned. 
Phenomenology
In this section we describe the properties of the new states, their masses and quantum numbers. We also discuss the effects associated to compositeness in Higgs physics, as corrections to couplings, as well as production at LHC, total width and branching ratios. Finally we discuss briefly the stability of the resonnaces, the phenomenology of the pNGB χ and the main interactions for its production at LHC.
New states
There are 21 real resonances of spin one. States with electric charge 0, ± , ±1 and ± Table 2 summarises the mentioned spectrum. There we have used the name m i A for all the bosons with mass m i . Since the vacuum must preserve the electromagnetic gauge symmetry, only the masses of some vector bosons with charge 0 or ±1, which are allowed to mix with the elementary electroweak gauge bosons, can be corrected by mixing. The value of those corrections can not be computed analytically, but we have checked numerically that they are smaller than 0.1% in the BP.
In the Fig. 4 , we show three of the vector resonance masses for the BP, where the EW scale is fixed in v = 246 GeV. The non plotted masses would be hidden in the plot due to the smallness of the mixing corrections. The masses rise as ξ decreases because the latter implies a bigger separation between the electroweak scale and the scale of the composite sector. The dotted horizontal line is located at 2 TeV and represents in an illustrative way the current experimental bounds [32, 33] . As it can be seen in the Fig. 4 , all the points with ξ < 0.04 are above 2 TeV, whereas for ξ > 0. 16 A is a generic denomination for all the vector resonances with the same mass. In cases with several charges, the multiplicities follow the order of the charges. , η, ∆, δ and α stand for corrections to the masses due to EWSB that can not be computed analytically (although it is possible to obtain simple expressions expanding in powers of ξ).
der SU (3) c in the fundamental representation. After EWSB and before elementary-composite mixing, 12 different masses are found in the fermion spectrum.
In the Table 3 we specify the amount of fermions with every mass and electric charge. As we did with the vector resonances, we use the symbol m Fig. 4 . The horizontal dotted line at 1 TeV illustrates the current experimental bounds [34, 35] , which depend on details that we have not analysed in this work and may rise up to 2 TeV [9, 36, 37] . As it was seen in the case of vector resonances, the masses grow as ξ goes down, and only for √ ξ < 0.2 there are points of the parameter space where the experimental bound is satisfied.
The lightest fermion resonance in all the BP is m Table 3 : Spectrum of fermion resonances, partners of q L and u R of the third generation. m i F is a generic name for all the fermions with the same mass. Where the electric charge is denoted with both signs, the amount of fermions in the third column is the sum of fermions with the positive charge and fermions with the negative charge. In those cases, the amount of fermions with a given sign in its electric charge is half the amount indicated. Table 2 , the horizontal dotted line is at m = 2 TeV. On the right we show the masses of the fermion resonances in the BP. The notation is the same than in Table 3 . The horizontal dotted line is at 1 TeV, many points of m 
Higgs phenomenology
In Fig. 1 we showed the predictions for the Higgs boson mass. It is also possible to explore numerically the correlation between m h and ξ. We found that m h can be of order 125 GeV for ξ preferentially in the range 0.1 2 − 0.4 2 . There is no mixing between the Higgs and χ in any phenomenologically interesting scenario due to the preservation of the U(1) em gauge symmetry and the different electrical charges of the bosons.
We analysed the Yukawa coupling between the Higgs boson and the quarks and leptons. In order to study the coupling with the light fermions, we have added the corresponding resonances in the SO (7) representations of Eq. (7). We assumed that they do not modify the potential noticeably. 6 The mass of the new resonances and their composite Yukawa couplings were assumed to be of the same order as those associated to the other fermion resonances. The mixing angle of the elementary right handed bottom, θ d , was tuned to match its mass to the measured value. For all the BP, that mixing angle turned out to be of order 0.01. The mixing angles for the lighter fermions will be even smaller, according to Eq.20.
Since the top and bottom quarks play a dominant role in Higgs physics, we discuss their couplings below. The leading order approximations of the Yukawa couplings, expanding in powers of ξ, were given in Eqs. (35) and (36) . Below we show the next to leading order corrections to the Yukawa couplings of the quarks, expanding in powers of the mixing:
In Fig. 5 we show the Yukawa couplings of the top and bottom quarks normalised to their SM values for all the BP. Both couplings show a clear suppression, which increases for bigger ξ. In the case of the bottom, the suppression can be well approximated by the leading order term of Eq. (45): √ 1 − ξ, since the corrections are proportional to sin 2 θ d 1. On the other hand, there are points for which the top Yukawa shows a bigger suppression. These are due to non-negligible contributions from the second term of Eq. (45), caused by the large mixing angles required by the high mass of the top quark.
The corrections to the Yukawa couplings of the light fermions are well approximated by the leading term, since the mixing of both chiralities are 1. We also checked that approximation numerically. The couplings between two W bosons and one or two Higgs bosons were computed to leading order in Eq. (37) . Corrections can be calculated, for example, by performing a perturbative diagonalisation of the mass matrix of W resonances expanding in powers of ξ. We get: 
with A 1/2 a loop function that can be found in App. C, normalised as A 1/2 (0) = 4/3. Taking into account that the resonances are much heavier than the Higgs, c g can be approximated by:
with Y ψ = ∂M ψ /∂ h , and M ψ the mass matrix of the species ψ. Since lim τ →∞ A 1/2 (τ ) → 0, the last term of Eq. (48) is suppressed for the light fermions. For the top, A 1/2 can be approximated by 4/3, leading to c g ∝ 4 3 Tr(Y t M −1 t ). As has been extensively discussed in the literature [24, 25, 18] 
For the light fermions and their composite partners, using Eq. (35) in (48), one obtains that their contribution to c g cancels to leading order. Thus the dominant contribution to the gluon coupling arise from the top sector, and the main corrections compared with the SM have the same factor as the Yukawa and gauge couplings:
The operator hF µν F µν is also generated at loop level, this time by loops of charged fermions, vector bosons and the boson χ. One can study the photon coupling c γ performing an analysis similar to c g [38] . Since the Yukawa and the W couplings are corrected by the same factor, c γ is suppressed to leading order by a factor √ 1 − ξ compared with the SM. There are also smaller corrections arising from the fact that there are new states running in the loop. The contribution of the χ mediated diagrams to the total amplitude was found to be around 3 to 4 orders of magnitude smaller than the other contributions and therefore was not included in the subsequent computations.
Other interesting interaction induced at one-loop level is hZγ. The presence of the symmetry P LR in the theory avoids large effects in this process [24] . Following an analysis similar to c g and c γ [18] , one can obtain that the main correction to c hZγ , compared with the SM, is given by a suppression factor √ 1 − ξ. Armed with the previous analysis of Higgs couplings, we have computed the total width, branching ratios and production cross sections of the Higgs boson, considering both the corrections to couplings with the SM particles and the influence of new resonances in loop-level processes. The branching ratios and the total width normalised to the SM for the BP are shown in Fig. 6 . The total width is suppressed with respect to the SM by an approximate factor (1 − ξ), since all the couplings are approximately suppressed by √ 1 − ξ. The branching ratios show smaller corrections without a clear trend towards rising or decreasing, as expected, since the main correction cancels in the ratio. For √ ξ < 0.2, where the constraints for the resonance masses are satisfied, the total width is suppressed in no more than 10% and the branching ratios are corrected in less than 5%.
We have also considered the total cross sections for the ZZ and γγ decay modes, separating the production modes: gluon fusion (+tth) and VBF (+hW/Z), as done by the ATLAS and CMS collaborations and in previous works [39, 40, 41, 18] . Defining the production signal strength as µ i = σ Model (i)/σ SM (i), we show our results in Fig. 7 . Since the branching ratios are just slightly modified with respect to the SM and all the couplings and diagrams involved in the production modes are suppressed similarly, both plots show points not far from a straight line tilted 45
o . The points which are slightly over such straight line correspond to the region where the top Yukawa coupling is additionally suppressed due to very high mixing. As expected, the results are very similar to the MCHM 5−10−10 . 
These results tell us that the Higgs self couplings are expected to be suppressed with respect to their Standard Model values.
We also computed the numerical value of the Higgs self couplings in the BP of our model. The result is plotted in Fig. 8 , where we have included the approximations of Eq. 49 for comparison. Both self couplings are more suppressed with respect to the Standard Model values than the analytical estimates. When the quartic coupling is negative, terms in the potential with higher powers of h must be positive to make it grow around the minimum. Given that the suppression of both self couplings is bigger than 10% with respect to the Standard Model values even for √ ξ ∼ 0.1, their study is a interesting probe for this class of models. 
A stable exotic state
The χ boson is heavier than all the SM particles and, being a pNGB, it is in general the lightest resonance (with the exception of the Higgs). Being χ a singlet of SU(3) c with electric charge Q = 2/3, it can not decay to SM states. Therefore it is in general stable.
The stability of χ has been used in Ref. [11] , where U(1) X was not included in SO (7), to make it a dark matter candidate. In that case its stability was associated to its charge under a conserved global U(1). In the present case that U(1) has been gauged, according to Eq. (1).
Despite χ being a pNGB, there are regions of the parameter space of our model where there are fermion resonances Ψ (n) with exotic charges and lighter than χ (as color triplets with vanishing or integer electric charges), see Fig. 4 . In this case, the pNGB χ could decay to Ψ (n) plus SM particles. The lightest fermion with exotic charges can not decay to SM particles.
Thus, in the present model one can expect the presence of a stable resonance with exotic charges. In large regions of the parameter space this state is the colorless scalar χ, but in other regions we find it to be a fermion electromagnetically neutral transforming in the fundamental representation of SU (3) c . This neutral quark, as well as neutral octets, has been called quorn in the literature, with hadrons Ψ (n)Ψ(n) being considered as good candidates for dark matter [9, 10] . Therefore, there are regions of the parameter space where the model predicts new colored states that could be the constituents of dark matter.
Phenomenology of the new charged scalar
The new charged scalar boson, χ, has a higher mass than the Higgs without an additional tuning of the parameters, as shown in Fig. 1, 2 and 3 . More precisely, when the Higgs mass is near its measured value, m χ 500 GeV. As for the Higgs, we studied the correlation between m χ and ξ, finding that for
It is easy to notice the similarity between the χ boson here presented and an spartner of an up-type quark included in SUSY models, such as the stop. The main difference is that the χ boson does not interact strongly, which has important consequences over its stability and production.
Production and signatures at LHC
At an hadron collider a pair of χ bosons can be produced from gluons only at loop level, while a pair of squarks can be produced from gluons at tree level. Furthermore, the symmetries of the theory require at least one resonance in the initial state in order to produce a single χ boson.
An example of the kind of processes that allow pair production of χ at hadron collider is shown in Fig. 9 . Since χ is charged under U(1) Y , it is also possible to produce it in pairs by→ γ, Z → χχ * , as well as by production of a single Higgs off-shell that decays to χχ * , see Eq. (40). Below we analyse the gluon fusion interaction of Fig. 9 .
The fermion loop includes all the fermions, whether elementary or composite. The amplitude of the Feynman diagram in Fig. 9 is proportional to the following coefficient:
where the sum runs over all the fermions included in the theory. The function A 1/2 is the same loop function usually found in the gluon fusion computations (see App. C), Q 2 is the square of the total 4-momentum of the final state χχ * (Q 2 ≥ 4m 2 χ for on-shell production) and y
is the coupling between the n-th fermion and a pair of χ bosons: L ⊃ y (n) ψχ 2 |χ| 2 Ψ n Ψ n . These couplings can be calculated in the 2-site theory by expanding the Yukawa interactions at site-1 to second order in χ, and then rotating to the mass basis.
We have computed c ggχ 2 for the BP of our scan, fixing Q 2 = 4m 2 χ . By analysing the contributions of the fermions with different charges, we find that, in general, the sector of neutral resonances dominate by a factor of order two over those with charge −1 and +2/3, that are in the second and third place, respectively. The different role of the fermions, when compared with c g in Higgs production, is due to several reasons. First, all the SM fermions, even the top quark, are much lighter than 2m χ , thus A 1/2 is relatively small and equal for all of them. On the other hand, |A 1/2 (τ )| has a maximum for τ ∼ 1, thus c ggχ 2 receives larger contributions from fermion resonances with masses of order m χ 7 . Finally, since the Yukawa couplings do not show large differences between different species of fermions, and the neutral resonances have the largest multiplicity, see Table 3 , one can expect a larger contribution from them.
We show the predictions for c ggχ 2 , for the BP of the scan, with Q 2 = 4m In order to give a complete analysis of the possible signatures of the χ boson at the LHC, a careful computation of the different contributions to pair-production, as well as the possible final signatures, is needed. These tasks are beyond the scope of this work.
Discussions and conclusions
We have studied the unification of the EW and custodial symmetry of the SM into a simple global group of a new composite sector, with the Higgs arising as a composite pNGB. The smallest coset with these properties is SO(7)/SO(6), generating the Higgs as well as a new 7 The function |A 1/2 (τ )| has a maximum at τ ∼ = 1.473 and its value there is ∼ = 2.419, while its limit when
pNGB χ, that is a color-and SU(2) L -singlet and has hypercharge 2/3. We have found that fermion resonances in the representations 21 and 35 of SO (7) can mix with the SM quark doublets and singlets, respectively, whereas those in 7 and 21 can mix with the SM lepton doublets and singlets.
We have presented a 2-site theory that allows to describe the lowest lying level of resonances of the composite sector. We have studied the spectrum of resonances, and we have obtained the low-energy effective theory resulting from the integration of the massive resonances. We have computed the potential generated at one-loop by the interactions of the composite sector with the elementary fermions and gauge SM fields, that explicitly break the SO(7) symmetry of the composite sector. We have studied some approximations of the potential, and we have found regions of the parameter space that can reproduce the masses of the EW gauge bosons, as well as the top quark and the Higgs, with f ∼ 1.2 TeV. The mass of the new pNGB is of order 1 TeV.
The embedding of the EW symmetry into SO(7) has led to a set of new resonances, compared with the MCHM, like colored fermions with integer electric charges, as well as spin-one states with charges |Q| = 1/3, 2/3, 5/3. The colorless pNGB with Q = 2/3 and a set of fermions are the lightest states, with one of them being stable. Thus the model gives a very rich spectrum and new phenomenology at colliders, compared with the usual scenarios of composite Higgs. The understanding of this phenomenology requires several analysis that have not been done yet. As an example, although we have studied the size of the coupling that allows pair creation of χ in gluon fusion, a careful studied of its production cross-section at LHC is required. That analysis is beyond the scope of this work and has been left for the future. The exotic fermion resonances could also be produced in pairs, at hadronic colliders as LHC, by QCD interactions. They are expected to hadronize into mesons Ψ (n)q or baryons Ψ (n), that could be charged and leave traces in the detectors. Searches from experiments at LHC give bounds of order m (n) ψ 2 TeV [36, 37, 9] , however a dedicated study of their production and detection, as well as a recasting of existing analysis, must also be done.
It would also be very interesting to study the possible existence of a cosmological relic of the lightest stable particle, particularly in the case in which this state is a colored neutral fermion that could form mesonic or barionic states [9, 10] . Its abundance, as well as the experimental bounds on masses and couplings, should be computed.
Another interesting topic on composite Higgs models with partial compositeness are the bounds from CP-violating dipole operators, since they give some of the strongest constraints. In flavor anarchic theories, the electromagnetic dipole moment of the quarks give strong bounds, pushing f up to 5 TeV [42] . Ref. [43] has shown that in the MCHM one can generically expect also contributions from the non-linearities of the theory, associated to the non-linear realization of the symmetries, as well as UV contributions from the composite sector. Unification of the composite EW-symmetry allow the possibility of a cancellation between different contributions to the electromagnetic dipole operators. 8 We have computed, in the effective theory, the invariants compatible with the coset SO(7)/SO(6) that lead to dipole operators:
where Γ rst (p 2 ) are momentum dependent form-factors that codify the composite dynamics, they are independent of the NGBs that are contained in the matrices U , a µν is the SO (7) field strength and the subindices r, s, t label SO(6) irreducible representations. The product r ⊗ s ⊗ t is projected onto the SO(6) singlet 1. Putting the Higgs to its vev, and keeping only the dynamical elementary fermions and gauge fields, we find that, for q L embedded in 21, u R embedded in 7 or 35 and d R embedded in 35, the electromagnetic dipole operator of up-and down-type fermions does not vanish for generic form-factors Γ. Thus for these representations the bounds from EDMs are not relaxed.
As mentioned in the previous paragraph, although we have not studied it in detail, composite partners of u R could also be embedded in a 7. In this case one can expect some modifications in the analysis of the potential, as well as in the spectrum of fermion resonances. The study of this, as well as other representations for which the electromagnetic dipole could be suppressed, is an interesting avenue for future work.
with the normalization tr(T ij T mn ) = δ im δ jn . The generators of SU(2) × SU(2) R ×U(1) X are given by:
The adjoint representation, 21, can be obtained from the structure constants. Representation 35 is obtained from 7 ⊗ 21 ∼ 7 ⊕ 35 ⊕ 105.
B Mass matrices and form-factors in the 2-site theory
Below we show the mass matrices in the vacuum of Eq. (4). For the neutral fermions:
with: 
and
For down-type fermions:
For Q = 1/3
with:
For Q = −2/3:
C Useful equations
In the present appendix we present some mathematical results used in the paper.
The function resulting from the triangle-loop of fermions, A 1/2 is defined by:
If the triangle loop is formed by vector bosons instead of fermions, the loop function is:
Finally, if the particles in the loop are scalar bosons, the loop function is:
For the three cases, we define the function f as follows:
These functions are used in the one-loop contribution to the decays of the Higgs boson to gg, γγ and Zγ.
